Familial multiple system tauopathy with presenile dementia (MSTD) is a neurodegenerative disease with an abundant filamentous tau protein pathology. It belongs to the group of familial frontotemporal dementias with Parkinsonism linked to chromosome 17 (FTDP-17), a major class of inherited dementing disorders whose genetic basis is unknown. We now report a G to A transition in the intron following exon 10 of the gene for microtubule-associated protein tau in familial MSTD. The mutation is located at the 3 neighboring nucleotide of the GT splice-donor site and disrupts a predicted stem-loop structure. We also report an abnormal preponderance of soluble tau protein isoforms with four microtubule-binding repeats over isoforms with three repeats in familial MSTD. This most likely accounts for our previous finding that sarkosyl-insoluble tau protein extracted from the filamentous deposits in familial MSTD consists only of tau isoforms with four repeats. These findings reveal that a departure from the normal ratio of four-repeat to threerepeat tau isoforms leads to the formation of abnormal tau filaments. The results show that dysregulation of tau protein production can cause neurodegeneration and imply that the FTDP-17 gene is the tau gene. This work has major implications for Alzheimer's disease and other tauopathies.
Multiple system tauopathy with presenile dementia (MSTD) is an autosomal-dominantly inherited neurodegenerative disease characterized by dementia, disinhibition, generalized bradykinesia, rigidity, and superior gaze palsy (1, 2) . It belongs to the group of familial frontotemporal dementias with Parkinsonism linked to chromosome 17 (FTDP-17) (3) (4) (5) . Many (if not all) cases of FTDP-17 show abundant filamentous deposits consisting of hyperphosphorylated microtubule-associated protein tau and the tau gene maps within the interval on chromosome 17q21-22, making it a strong candidate gene (5) .
Six tau isoforms are expressed in normal adult human brain (6) . They range from 352 to 441 amino acids and are produced from a single gene by alternative mRNA splicing. They contain three or four tandem repeats located in the carboxyl-terminal half, which constitute microtubule-binding domains. They also differ by the presence or absence of 29-or 58-amino acid inserts of unknown function that are located near the amino terminus.
In familial MSTD, abundant filamentous tau protein deposits form in the neocortex, some subcortical nuclei, brainstem, and spinal cord, where they are found in both nerve cells and glial cells, chiefly oligodendrocytes (1) . Ultrastructurally, the tau filaments are twisted, with an irregular periodicity of 90-130 nm (1) . Biochemically, they consist of three tau isoforms, each with four microtubule-binding repeats, while lacking tau isoforms with three repeats (1) . A similar pattern of pathological tau bands is also found in progressive supranuclear palsy and corticobasal degeneration, two largely sporadic neurodegenerative diseases with abundant filamentous tau deposits (7, 8) .
This pattern of pathological tau bands contrasts with the paired helical and straight filaments of Alzheimer's disease and some other tauopathies in which six tau isoforms are found (9, 10) . However, all of these diseases are similar in that the tau protein extracted from the filaments is hyperphosphorylated and unable to bind to microtubules (11, 12) . Hyperphosphorylation of tau is believed to precede filament assembly (13); however, hyperphosphorylation alone is probably insufficient for assembly and other factors, such as sulfated glycosaminoglycans or nucleic acids, may be necessary for nucleating the assembly of tau into filaments (14) (15) (16) (17) (18) . Incubation of recombinant three-and four-repeat tau isoforms with sulfated glycosaminoglycans gives rise to filaments with similar morphologies to the tau filaments of Alzheimer's disease (14, 16) .
The difference between three-and four-repeat tau isoforms derives from the alternative mRNA splicing of exon 10 of the tau gene (19, 20) . This exon encodes the 31-amino acid repeat that is added after the first repeat of the three-repeat tau isoforms to give isoforms with four repeats (19) . We have previously found the sequence of the tau exons themselves to be normal in familial MSTD (2) . In view of the absence of three-repeat tau isoforms from tau filaments in familial MSTD, we have examined the sequences of the introns flanking exon 10.
We now report the presence of a heterozygous G to A transition in the intron following exon 10 of the tau gene. It is located immediately adjacent to the splice-donor site. The mutation segregates with the disease and disrupts a predicted stem-loop structure which may lead to increased use of this splice site. We have investigated soluble tau from familial MSTD brain and have found an abnormal preponderance of four-repeat over three-repeat tau isoforms, consistent with increased use of the splice site. The present findings identify the genetic defect responsible for familial MSTD and indicate that a change in the ratio of four-repeat to three-repeat tau isoforms is sufficient to produce nerve cell and glial cell dysfunction, leading to tau filament formation, causing degeneration and resulting in a dementing disorder.
MATERIALS AND METHODS
Tau Gene Sequencing. Genomic DNA from blood samples was isolated by proteinase K digestion, phenol-chloroform extraction, and isopropanol precipitation. Six DNA samples were extracted from histological sections, as described (21) . Tau exons were amplified from genomic DNA using primers designed to flanking intronic sequence (M.G.S. and M.G., unpublished data). The primer sequences for exon 10 were: 5Ј-CGAGCTCGCTTGTTCACTCATCCTTTTT-3Ј (sense) and 5Ј-CGAGCTCGCAGTGTCTCGCAAGGTGTA-3Ј (antisense). PCR reactions contained 20 ng/l DNA, 0.25 M of each primer, and 1 unit of Pfu polymerase (Promega). Amplification was carried out over 30 cycles (denaturation, 95°C; annealing, 60°C, extension, 72°C), with a final 10-min extension at 72°C. Amplified products were run on a 2% low-melting agarose gel, the bands excised, diluted 1:3 in distilled water, and heated to 75°C. The DNA was purified using a Qiaquick PCR purification spin column (Qiagen, Chatsworth, CA) and used for double-stranded DNA sequencing. In some experiments the PCR products were digested with SacI, subcloned into M13 mp18, and used for single-stranded DNA sequencing.
Extraction of Soluble Brain Tau and Immunoblotting. Two hundred micrograms of frontal cortex, temporal cortex, and hippocampus from three familial MSTD patients and three age-matched controls were Dounce homogenized in 0.5 ml of 2.5% perchloric acid. The homogenate was left to stand on ice for 20 min and spun at 13,000 rpm for 10 min. The supernatant was dialyzed against 50 mM Tris⅐HCl (pH 7.4), 0.1 mM EDTA, and 0.1 mM phenylmethylsulfonyl fluoride overnight at 4°C. Tau protein was dephosphorylated by treating 100-l aliquots of the supernatants with Escherichia coli alkaline phosphatase (13.5 units/ml, Sigma Fine Chemicals) for 3 h at 67°C (9) . The six adult human brain tau isoforms were expressed in E. coli and purified as described (22) . Tau proteins were analysed by 10% SDS-PAGE and blotted onto an Immobilon-P membrane (Millipore). Blots were incubated overnight at 4°C with antitau antibodies BR133 or BR134 (diluted 1:1,000) which recognise the amino-and carboxyl-termini of tau, respectively (9) . Tau bands were visualised using the avidin-biotin Vectastain system (Vector Laboratories) and 3,3-diaminobenzidine as the substrate.
RESULTS
Sequencing of intronic sequences flanking exon 10 of the tau gene in familial MSTD identified a G to A transition in the nucleotide 3Ј of the exon 10 splice-donor site. It was found in 11 affected family members and segregated with the disease haplotype in other family members (Figs. 1-3) . The G to A change was not present in 50 Caucasian controls. No change was found in tau cDNA from familial MSTD brain, indicating that the tau exons are spliced correctly (data not shown).
Examination of the nucleotide sequence of exon 10 and the 5Ј intron junction identified a predicted stem-loop structure [⌬G ϭ Ϫ3.2 to Ϫ4.3 kcal/mol (23) ] that encompasses the last 6 nucleotides at the 3Ј end of exon 10 and 19 nucleotides of the intron, including the GT splice-donor site (Fig. 3) .
The G to A transition destabilises this stem-loop structure (⌬Gϭ Ϫ0.6 to Ϫ1.7 kcal/mol). This may result in the more frequent use of the splice site and could lead to increased production of tau isoforms with four repeats over isoforms with three repeats.
This question was examined directly using soluble tau extracted from cerebral cortex of control brain and of familial MSTD brain (Fig. 4) . Following alkaline phosphatase treatment to dephosphorylate the protein, tau from control brain showed the characteristic pattern of four strong and two weak bands (Fig. 4 , lane 2) which aligned with the six recombinant human brain tau isoforms (Fig. 4, lane 1) . Similar levels of three-repeat and four-repeat tau isoforms were found, with a slight preponderance of isoforms with three repeats, in agreement with previous results (22) . Soluble tau from familial MSTD brain also ran as four strong and two weak bands (Fig.  4, lane 3) . However, unlike tau from control brain, a clear preponderance of tau isoforms with four repeats over isoforms with three repeats was observed, as reflected in a striking pattern of alternating stronger and weaker tau bands. Relative to soluble tau from control brain, the levels of four-repeat isoforms (shown arrowed in Fig. 4) were increased in familial MSTD brain, whereas the levels of three-repeat isoforms were reduced. The total amount of soluble tau did not appear to differ significantly between control brain and familial MSTD brain. Similar results were obtained with soluble tau extracted   FIG. 1 . Pedigree of the family with MSTD. Blackened symbols denote affected individuals. Black dots indicate individuals from whom DNA was available and tested by sequencing for the presence of the G to A mutation in the nucleotide adjacent to the exon 10 splice-donor site of the tau gene. The triangle identifies twins (it is not known whether they were mono-or dizygotic). Generation numbers are shown to the left. 
DISCUSSION
The present findings suggest a role for pre-mRNA structure in the regulation of the alternative splicing of tau. The presence of a stem-loop structure at the 5Ј end of the exon 10 intron is predicted to be required for the normal splicing of exon 10. Disruption of this stem-loop by the G to A mutation of familial MSTD may lead to increased splicing of exon 10. A role for pre-mRNA structure in the regulation of alternative splicing is well documented in other systems (24, 25) . Moreover, experimental studies have shown that the formation of stem-loop structures at the 5Ј splice sites leads to inefficient splicing (26, 27) . In addition, the G to A transition probably results in increased binding of the U1 snRNA to the 5Ј splice site of exon 10 (28) . This may also result in increased splicing of exon 10. The predicted biological effect of the G to A transition in the tau gene in familial MSTD is an increased production of four-repeat tau isoforms and a reduced production of threerepeat tau isoforms, with no significant change in the total level of tau protein. This is what we observed when we analysed soluble tau in brain tissue from three cases with familial MSTD. The DNA from patients with familial MSTD is heterozygous for the G to A transition in the tau gene. Tau protein isoform ratios produced from the wild-type allele are therefore most likely normal, accounting for the presence of three-repeat tau isoforms in the soluble tau from familial MSTD brain. It is at present unclear whether only four-repeat tau isoforms are produced from the mutant allele or whether there is merely an increase in the levels of tau isoforms with four repeats.
In normal adult human brain six tau isoforms are expressed, with a slight preponderance of tau isoforms with three repeats over isoforms with four repeats (6, 22) . Thus, a changed ratio in the levels of tau isoforms appears to be sufficient to lead to assembly into filaments. We have shown previously that filaments from familial MSTD brain contain only tau isoforms with four microtubule-binding repeats (1) , implying that an abnormal preponderance of tau isoforms with four repeats over isoforms with three repeats leads to filamentous assembly of four-repeat isoforms.
The most unexpected implication of these findings is that a precise regulation of tau isoform ratios is essential for preventing assembly of tau into filaments. The mechanisms underlying assembly of only four-repeat tau isoforms into filaments are at present unknown. Tau protein is known to bind to microtubules and to promote microtubule assembly, with tau isoforms with four repeats being better at binding to microtubules and at promoting microtubule assembly than isoforms with three repeats (22, (29) (30) (31) (32) . Tau is a natively unfolded protein that is believed to become structured upon binding to microtubules (33, 34) . It is unlikely that tau would assemble into filaments while bound in structured form to microtubules.
We are therefore led to conclude that when there is a preponderance of tau isoforms with four repeats over isoforms with three repeats, at least a proportion of the four-repeat tau does not bind to microtubules. It is possible that tau isoforms with three repeats and isoforms with four repeats bind to distinct sites on microtubules (29) . An increase in four-repeat tau isoforms may lead to an excess in protein over available binding sites, thus increasing the time four-repeat tau spends in its natively unfolded state in the cytoplasm. Over time, this may lead to the hyperphosphorylation of four-repeat tau isoforms, rendering them completely unable to bind to microtubules. We have previously shown that in familial MSTD filamentous tau is hyperphosphorylated at the same sites as in Alzheimer's disease (1). Interaction with other factors, such as sulfated glycosaminoglycans, may then result in nucleation and filament formation. We have previously shown that in familial MSTD brain cells with tau deposits are immunoreactive for heparan sulfate (1) .
Pathological tau protein bands very similar to those in familial MSTD are found in progressive supranuclear palsy and corticobasal degeneration (7, 8 ). It appears likely that defects leading to an increase in the alternative splicing of exon 10 of the tau gene or changes in exon 10 itself also underlie these neurodegenerative diseases. Interestingly, a genetic polymorphism in the intron preceding exon 10 has been described in progressive supranuclear palsy (35, 36) .
Our findings also suggest an explanation for Pick's disease, a frontotemporal dementia that is characterized neuropathologically by the presence of Pick bodies which consist of abundant filamentous deposits made of hyperphosphorylated tau protein (37, 38) . Biochemically, these filaments only con- tain tau isoforms with three microtubule-binding repeats (39, 40) . By analogy with familial MSTD, it appears likely that defects leading to reduced alternative splicing of exon 10 of the tau gene underlie Pick's disease.
In contrast to familial MSTD, Alzheimer's disease and several other dementias with tau pathology are characterized by the presence of tau filaments in which all six brain tau isoforms are found (9, 10) , indicating that a change in tau isoform ratios is not the only mechanism that can lead to assembly into filaments. Recently, a Val to Met change at residue 337 in tau (in the numbering of the 441-amino acid isoform of human brain tau) had originally been described in Seattle family A, which also belongs to the group of FTDP-17 dementias (41) (42) (43) . Although this change has been interpreted as a probable benign polymorphism (43) , it is possible that it is pathogenic, especially since it is located in the microtubulebinding region of tau, where valine is found at this position in all known tau sequences, from Caenorhabditis elegans to humans (6, 44) . The Seattle family A is characterized by tau filaments that contain all six tau isoforms, with morphologies and staining characteristics that are indistinguishable from those of the paired helical filaments and straight filaments of Alzheimer's disease (9, 10). As in the case of familial MSTD and other FTDP-17 dementias (1, 5), these tau filaments occur in the absence of extracellular A␤ deposits (41) .
The presence of all six tau isoforms in the filamentous tau deposits in Seattle family A (10) is consistent with the Met to Val mutation at residue 337 being present in all six tau isoforms produced from the mutant allele (43) . It appears likely that Met337 tau binds less well to microtubules than wild-type tau. This may in turn lead to its hyperphosphorylation, followed by assembly into paired helical filaments and straight filaments. Thus, the inability to bind to microtubules appears to be the shared primary abnormality in tau protein resulting from the different mutations in the tau gene in familial MSTD and in Seattle family A.
In Alzheimer's disease, it is well established that filamentous tau protein deposits form within nerve cells that degenerate and that a good correlation exists between the number of tau deposits and the presence of dementia (45) (46) (47) . The findings reported here in familial MSTD go beyond mere correlations in that they establish that nerve cell death and dementia result from an abnormal preponderance of tau isoforms with four repeats over isoforms with three repeats. Although several possible mechanisms can be envisaged, it appears likely that it is the presence of deposits consisting of tau filaments in nerve cells and glial cells that causes cell death in familial MSTD. The same may be true of Alzheimer's disease and the other tauopathies. Compounds that inhibit the formation of tau filaments may therefore prevent nerve cell degeneration in all tauopathies. 
